Many types of electrographic seizures are readily identifiable by direct visual examination of electroencephalographic or electrocorticographic recordings. This process can, however, be painstakingly slow, and much effort has been expended to automate the process using various dynamic properties of epileptiform waveforms. As methods have become more subtle and powerful they have been used for seizure subclassification, seizure prediction, and seizure onset identification and localization. Here we concentrate on the last, with reference to seizures of neocortical origin. We briefly review some of the methods used and introduce preliminary results from a very simple dynamic model based on key electrophysiological properties found in some seizure types: occurrence of very fast oscillations (sometimes called ripples), excess gamma frequency oscillations, electroencephalographic/electrocorticographic flattening, and changes in global synchrony. We show how this multiscale analysis may reveal features unique to seizure onset and speculate on the underlying cellular and network phenomena responsible.
Introduction
Detecting electrographic changes associated with seizures in patients with drug-intractable epilepsy is a critical component of the ''workup" to surgery. Painstaking, epoch-by-epoch analysis of a patient's electroencephalogram (EEG), followed by more detailed analysis of periseizure recordings may guide surgical intervention toward specific problem areas in the absence of clear imaging and semiological clues. Conventional dipole models of surface EEGs, however, may give ''ghost" sources, and rarely localize seizures with sufficient spatial resolution to accurately guide surgical resection. More detailed analysis of the dynamics of seizure events has been used, or at least proposed as useful, for more than 40 years [1] . Simple linear analysis has been used extensively and shown to capture some of the features of seizure foci quite robustly. For example cross-correlations may determine the location of some epileptogenic foci [2] , and changes in the relative scale of higher compared with lower EEG frequencies can be a reliable indicator of cortical neuronal state [3] and have been shown to signal the start of seizures in many cases [4] . Also, rule-based methods have proved very robust in separating epileptiform events from background [5] . Wavelet-based analyses, examining frequency changes on multiple scales, have taken this approach further, successfully detecting seizures with reduced false positives [6] . Principal component analyses, and other methods dependent on correlation matrices, have also been used to compare across multiple concurrent channels of data and have been shown to be useful in detection of abnormal EEG signatures of epilepsy [7, 8] . More complex and mathematically elegant methods often use nonlinear time series analysis to more accurately reflect the nature of electrographic data. Nonlinear patterns of synchrony may often reveal very different degrees of intercortical temporal interaction associated with seizures when compared with linear methods [9] .
Any method for localizing epileptic foci must include a feature for detecting the precise time at which transition from normal to ictaform activity occurs. Once this is achieved, it is then possible to identify the location (electrode number) of the initial transition and plot its spread to neighboring cortical areas (electrodes). This is a nontrivial problem, particularly evidenced by the power of nonlinear analytical techniques to quantify very subtle changes in cortical dynamics. The main issue is one of time scale: Simple linear methods such as power spectral density show abrupt (on the order of 0.1 second) changes in dynamics [10] at onset of electrographic seizures. However, many dynamic analyses can detect changes several tens of seconds before the electrographic event [11] . In addition, variations on nonlinear, spatiotemporal correlations have shown clear changes in cortical dynamics some tens of minutes before seizures [12] [13] [14] . These long-term changes may flag alterations in the plastic state of neuronal networks ornot mutually exclusively-perhaps slow changes in homeostatic state of discrete cortical regions. Riding on top of these changes are presumed to be alterations in more rapid response states in networks that predispose highly localized cortical regions to fulminant changes in dynamic state (see below). It is the signature of these short time scale events that this article considers in more detail.
Within the above framework we must ask which dynamic features of electrographic data can signal these short time scale changes. The onset of electrographic seizures often manifests as high-amplitude EEG signals with abrupt appearance of prominent high-frequency events (80 Hz to several hundreds of hertz, very fast oscillations (VFOs), or ripples) that are rarely seen in normal intracranial EEG records, suggesting a specific relationship to electrographic seizures [15] . In focal epilepsies, VFOs are prevalent immediately prior to seizure generation and are spatially constrained to the cortical seizure focus [4, [16] [17] [18] [19] [20] [21] . In addition, gamma frequency oscillations (30-80 Hz) have been reported to occur suddenly at high amplitude in many temporal lobe epilepsies [22] [23] [24] . As with VFOs, gamma rhythms appear to signal local changes, in terms of both their power [23] and their pattern of phase synchronization [25] . Although there is some semantic confusion over the nature of VFOs and gamma rhythms-VFO sometimes being referred to also as a type of gamma rhythm [26] -it is clear from in vitro studies that these two EEG bands have different underlying cellular and network mechanisms [27] , with gamma rhythms critically dependent on synaptic inhibition and VFOs (variously ''high gamma," ripples, high-frequency oscillations) being generated by gap junctional connections in networks of neurons [28] . They will therefore be treated separately in the present study.
In addition to the sudden increase in higher-frequency EEG bands (gamma and VFO, above), many focal electrographic seizures are accompanied by a decrease in low-frequency EEG bands, termed the electrodecremental response [4] . However, the interrelationship between low-and high-frequency bands is variable between patients with temporal lobe epilepsy. An initial slow wave at the start of the electrographic seizure may or may not be present with the faster rhythms, and different apparent origins of these initial slow waves, when present, are associated with different modal frequencies of accompanying faster rhythms [29, 30] . In each case a different underlying mechanism of seizure generation is proposed.
Finally, for a focal seizure to manifest clinically, activity must spread from the point (or points) of origin to generate an experiential, motor, or behavioral correlate. We therefore wished to combine measures of the aforementioned four features (VFO, gamma, decreased slow rhythms, and synchrony) of some focal electrographic seizures to see whether these factors alone were sufficient to signal a rapid change in cortical dynamics unique to seizure onset. From this we attempted to see whether such a combined measure could be of possible use in focus localization.
Methods
Subdural recordings were made from a 32-or 48-contact platinum array (Ad-Tech) placed over the region of neocortex identified as the putative focus from scalp EEG measures and seizure semiology in two patients. Recordings were made using either Neuroscan or Xltek equipment, with output bandwidth up to 1 kHz (patient A) or 500 Hz (patient B) with a reference on a distant contact on the subdural strip; the EEG was then re-referenced to a common average signal. Patient A was a 5-year-old girl with history of seizures from a few weeks postpartum. Magnetic resonance imaging (MRI) revealed a lesion in the right frontal lobe. A detailed patient history is provided elsewhere [31] . Patient B was an 11-year-old boy with seizures from soon after birth. MRI showed an abnormal gyral pattern in the left inferior frontal gyrus. All recordings were carried out with approval of the local ethics committees responsible.
Electrocorticographic data were analyzed with the accent on computational simplicity: simpler routines are less time consuming. Although the presented data are very preliminary, the goal of this approach is ultimately to have a near real-time readout of focus location perioperatively. Briefly, each channel of data was filtered into three bands. FIR filters were used with low order (<200) to optimize the speed of the process, though this resulted in some overlap between bands. VFO was defined as 80-500 Hz, gamma as 30-80 Hz, and low-frequency rhythms as 1-30 Hz. Bandpass-filtered data were then windowed at length 500 ms and offset by 50 ms throughout the recording. Multitaper spectral density estimates were obtained for each window, and the peak power spectral density within each band was plotted over time (see Fig. 2b-d) . Finally, the broadband signal (1-500 Hz) was used to construct an estimate of global synchrony using simple linear measures. Synchrony was quantified as the mean height of the crosscorrelation, at 0 ms, between each electrode and all other electrodes, again using the windowing and offset parameters above. Thus, positive values indicate the degree of zero-phase synchrony, and negative values, the degree of antiphase synchrony. It has been shown previously that bandpass synchronization measures perform better than broadband measures [25] . With this simple (and quick) method there is some degree of interdependence between the absolute power of each signal and the synchronization measure. Using broadband allowed us to minimize this cross-talk and also avoided any prior assumptions about the specific spectral components responsible for any synchrony changes seen. For example, this technique would be expected to be biased in favor of large-amplitude, lower-frequency events rather than the highfrequency components. However, such components are very much reduced in electrodecremental responses (see Results), and early attempts at seizure onset detection using only high-frequency, bandpass-filtered data failed to distinguish between seizure onset and late afterdischarges (data not shown).
An index of when activity patterns changed on each channel was constructed with the a priori assumption (from the evidence cited in the Introduction) that electrographic seizure onset was associated with a change in the ratio of higher to lower EEG frequencies concurrently with an increase in global synchrony. As mentioned above, we considered gamma and VFO bands to constitute different (though not entirely independent) processes. Although both increases and decreases in synchrony have been quantified [10] , we wished to concentrate on increase synchronization as a measure of communication from presumed focus to neighboring cortical areas. Thus, our focus index measure (FI), at any given time window on each channel, is the ratio of the product of the VFO and gamma powers and the low-frequency band power, multiplied by the global synchrony measure for that channel.
Results
Raw electrocorticographic recordings show bursts of VFO and gamma rhythms on many channels, often simultaneously. Long (several seconds) runs of these high-frequency rhythms occur around the subjective estimate of electrographic seizure onset (Fig. 1) . However, any quantitative measure or seizure onset must distinguish between the high-frequency activity associated with interictal-like bursts and physiological sharp waves, the occurrence of which may or may not be related to the underlying epilepsy, and that associated with seizure onset (see expanded recording, Fig. 1 ). Use of measurements taken on multiple frequency scales was proposed to be of possible use in this respect (see Fig. 2 ). Furthermore, in setting out to quantify seizure onset alone, we needed to find a measure any change in which was unique to this time point.
As shown in many previous studies, simple measures of cortical dynamics do not readily provide a feature unique to focal seizure onset, though it should be noted that analysis routines can be ''trained" to ignore interictal-like events [4] . This can clearly be seen in Fig. 2 , which summarizes the measures used for channel 21 in patient A. VFO power alone (Fig. 2B) shows local maxima associated with the initial interictal-like event 12 seconds into the recording, a more prolonged rise at 17 seconds, and peaks corresponding to each late afterdischarge following the full electrographic seizure event. So, although this measure shows highly significant deviations from background levels (the few seconds of preictal, baseline activity immediately preceding seizure, P < 0.01) it does not, alone, distinguish between interictal events and the beginning and later stages of ictal events in this example. The situation is even less clear-cut when considering the gamma band (Fig. 2C) . Again there are local maxima approximately coexistent with those of the VFO power, but background, preictal gamma rhythms are very much evident, and these maxima only just reach significance when compared with mean baseline levels (P < 0.05). In the more classic EEG frequency range (1-30 Hz), mean power initially decreased during the electrographic seizure (baseline 2.4 ± 0.4 vs 1.1 ± 0.2 Â 10 6 lV 2 , P < 0.05) before increasing dramatically during the overt repetitive bursting seen during the seizure proper. Global synchrony was low preictally, with a mean value for this channel of À0.8 ± 0.3, perhaps reflecting the decrease in synchronization seen before seizures previously [32] . Although no abrupt change in this measure was seen during the subjective time of seizure onset, there was a gradual shift to high positive values from circa 10-20 seconds into the recording that decreased back toward baseline as the seizure progressed.
The preceding examples illustrate the absence of a clear dynamic signature for electrographic seizure onset with each measure taken alone. However, the aim was to combine these to test whether the electrodecremental response (increased high-frequency components concurrently with decreased lowfrequency components of the spectra), in combination with any overt change in global synchrony (a measure of the degree of communication of activity in any given channel with the rest of the cortex under the electrode grid), could be a useful measure for seizure onset. Fig. 3B shows that, in this example, this was indeed the case. The FI, the ratio of high spectral power to low spectral power multiplied by the synchrony, showed a Fig. 1 . Basic features of electrocorticographic waveforms around seizure onset in patient 1. Recordings from 32 channels showing a reduction in ongoing low-frequency activity abruptly on most channels around 13 seconds into the example shown. A single channel is shown here for the 8 seconds during which slow activity ceases. Note the initial burst accompanied by fast oscillations (>80 Hz) resembling interictal-like activity, followed by a lower-amplitude burst with more protracted, higher-power fast oscillations that continues for several seconds (arrows). Scale bars = 0.1 mV, 1 second. The bottom two traces represent further extension of the time base, revealing the highfrequency oscillations in more detail.
clear local maximum corresponding to the beginning of the electrodecremental response. Preictal baseline scores were very low (mean 0.002 ± 0.002), and the peak score for the example shown was 2.453, a 1000-fold increase peaking at 17.0 seconds. Smaller increases were seen, decreasing in magnitude as the seizure progressed, but interestingly only the very late afterdischarges were associated with positive FI scores. With a nominal temporal resolution of 50 ms (the sliding window increment), we compared FI scores on all 32 channels, with an arbitrary lower threshold value of 1.0 (Fig. 3C ). In this example the peak FI score was achieved only by a single electrode (No. 21) at a single time (17.0 seconds). From this time point, lower-value FI scores were seen radiating in an approximately spiral manner from electrode 21, a pattern typical of activity spread in uniform excitable media [33] . The key observation here, however, was that a single spatiotemporal origin from the electrographic seizure appeared to be detected using the dynamic signatures described above. This locus was part of the tissue resected from this patient, and the patient was seizure free 3 months following surgery.
To perform further preliminary tests as to the usefulness of such a simple analysis method, we examined, post hoc, electrocorticographic data from a second patient whose initial surgical resection was not fully successful. Fig. 4A shows an 80-second example of an electrographic seizure taken from channel 37 of the 48-channel array used with this patient. The subjective estimate of seizure onset again showed an electrodecremental signature, followed by slower repetitive burst discharges and absence of late afterdischarges in this case. The FI score changed over time in a manner similar to the example from patient A. Fifteen seconds into the example shown there was an abrupt, brief increase in FI score on this electrode (Fig. 4B) . The average baseline FI score was 0.004 ± 0.003, and this increased to a local maximum of 4.982 on this channel, again a Fig. 1, expanded trace) . Arrows indicate the time points used for the grid examples below. (C) Time-specific maps of focus index score for all channels on the 32-channel grid used in this patient. Individual electrode scores were interpolated using cubic spline within the area of the grid but not outside this area. Note that the high positive score ''wanders" from the initial focus at electrode 21 to electrode 27 and electrode 18 in the first 9 seconds of the electrographic seizure event.
change of more than 1000-fold. As the seizure progressed a longlasting increase in index was seen, but this rarely exceeded the arbitrary lower threshold of 1.0 for the duration of the event. When the FI score for all 48 channels was plotted, a spatiotemporal pattern different from that for patient A was seen. In this case two spatially separate main areas of highest FI score were seen. The largest was in a band from electrodes 29 through 37 to 46, but a more diffuse, concurrent increase was seen around electrode 42 at the very edge of the grid. In addition, smaller FI scores were obtained on a number of electrodes distributed across the entire grid, which returned to baseline for several seconds before reappearing, seemingly randomly throughout the area of cortex analyzed (Fig. 4C) . Thus, in this case the focus index revealed multiple concurrent loci active at onset of seizure, suggesting a more diffuse extent to the underlying epileptogenic pathology.
Discussion
The present brief examples demonstrate that basic dynamic changes in focal epilepsies of neocortical origin may be useful in localizing the origin of observed electrographic seizures. Quantification of the electrodecremental response, coupled with a measure of how cortical areas communicate with each other through synchrony [34] , allows transient changes in dynamics to be seen that correspond to a seizure focus or foci. The changes seen were of sufficient brevity and magnitude to allow spatial localization with an accuracy of at least the grid electrode separation (minimally 1 cm). With such accuracy it is possible to detect the presence of multiple foci under a single grid, which may be of use in improving outcomes of surgery for epilepsy. For example, detection of the absence of a focus in an area presumed to be responsible for the behavioral signature of a particular epilepsy [35] , detection of dominant foci by analysis of multiple seizures from one patient in whom there are multiple foci [36] , and detection of migratory foci [37] may all be possible.
The precision of focus detection using the present method may be explained by the dynamics of the main components used to construct the focus index score. Very fast oscillations have been shown to be highly focal in origin [29] , with multiple, spatially separate locations sometimes coexistent in the same lobe [26] . These VFOs are readily generated in very small areas of brain tissue maintained in vitro and can be reproduced with high fidelity in computational models consisting of only a few hundred neurons [38] . Gamma rhythms also have highly local neuronal network generators in neocortex [39] , and increases in gamma power and synchrony occur locally in epilepsy [22, 23] . Clues to why the occurrence of these rhythms at high powers is associated with the electrodecremental response come from multiple sources: In humans, DC EEG recording reveals DC shifts localized to a few electrodes associated with the electrodecremental response (i.e., occurring earlier than the ''conventional" ictal EEG changes) [40] . Such DC shifts have been suggested to represent long-lasting (several seconds) depolarization of cortical neurons [41] . Experimental models of VFO and gamma rhythms also reveal association with long-lasting neuronal depolarization. VFOs are seen prominently at the beginning of up-states, a rhythmically occurring plateau depolarization associated with sleep in cat neocortex [42] . Gamma rhythms can occur persistently at low amplitude with no accompanying depolarization of cortical neurons [43] . However, much larger, transient field potential gamma rhythms are seen following stimulation that generates several seconds of depolarization in principal cells and interneurons [44] . Fig. 5 is a cartoon of composite electrophysiological recordings suggesting that the pattern of occurrence of the electrodecremental response fits with the initial ''tonic" phase (i.e., plateau depolarization) of ictaform events recorded in individual cortical pyramidal cells. It is tempting therefore to speculate that the loss of low-frequency activity may be a consequence of such tonic depolarizations, with many of the cellular mechanisms underlying slow cortical rhythms being dependent on intrinsic conductances with strong membrane potential dependence. Given that DC shifts tend to be more spatially localized than the conventional ictal EEG pattern, this may further underlie the apparently good spatial resolution of the present focus index score.
By deliberately concentrating on a few features recognized as accompanying certain types of seizures, the method is clearly unlikely to be of use as a general screening tool for epileptiform activity. The above preliminary findings suggest a high degree of spatial resolution when used for seizures with initial electrodecremental response. This resolution was sufficient to distinguish an apparent unifocal epilepsy (patient A) from one of more diffuse, multifocal origin (patient B). It is interesting to note that patient A was seizure free following surgical resection, whereas patient B needed a second round of surgery to remove more cortical tissue. This suggested that the focus index may be useful in guiding surgery, or even indicating whether surgery is appropriate at all. However, the method also needs to be used on many further examples of different seizure types, multiple seizures from single patients, and needs to be compared with other seizure localization algorithms for validation. This work is ongoing and it is hoped that subsequent refinements on this theme may be of general use in localizing neocortical foci in epilepsies associated with many primary pathologies.
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